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The G6 group-theoretical high-barrier formalism developed previously for internally rotating and
inverting CH3NHD is used to interpret the abnormal torsional splittings in the S1 state of
acetaldehyde for levels 1402150, 1402151, and 1402152, where 1402 denotes the upper inversion
tunneling component of the aldehyde hydrogen and 15 denotes the methyl torsional vibration. This
formalism, derived using an extended permutation–inversion group G6
m
, treats simultaneously
methyl torsional tunneling, aldehyde–hydrogen inversion tunneling and overall rotation. Fits to the
rotational states of the four pairs of inversion–torsion vibrational levels (1401150A ,E, 1402150A ,E),
(1401151A ,E, 1402151A ,E), (1401152A ,E, 1402152A ,E), and (1401153A ,E, 1402153A ,E) are
performed, giving root-mean-square deviations of 0.003, 0.004, 0.004, and 0.004 cm21,
respectively, which are nearly equal to the experimental uncertainty of 0.003 cm21. For torsional
levels lying near the top of the torsional barrier, this theoretical model, after including higher-order
terms, provides satisfactory fits to the experimental data. The partially anomalous K-doublet
structure of the S1 state, which deviates from that in a simple torsion–rotation molecule, is fitted
using this formalism and is shown to arise from coupling of torsion and rotation motion with the
aldehyde–hydrogen inversion. © 2004 American Institute of Physics. @DOI: 10.1063/1.1633758#
I. INTRODUCTION
The S1 state of acetaldehyde involves an O(n)
→CO(p*) electronic transition resulting in a pyramidal
conformation of the CCHO moiety and a staggered confor-
mation of the CH3 group with respect to the aldehyde O
atom. This nonplanar geometry possesses two large ampli-
tude motions: the aldehyde hydrogen inversion ~vibrational
normal mode Q14) and the methyl torsional motion ~mode
Q15). The inversion splitting for the zeroth torsional level is
measured to be ’34 cm21.1–4 The inversion motion of the
molecular frame is strongly coupled to the torsional motion
of the methyl moiety because some torsional adjustment is
required to return to the equilibrium conformation after in-
version. This results in observation of abnormal torsional
sublevel splittings for states with v t50, 1 and 2, both for the
torsional levels built on 1402 and for those built on 1011402
~mode Q10 is the C–C–O bend!.1–4 The torsional splittings
of 1402 are notably smaller than those of 1401. From the
observation, the interaction seems to reduce or even change
sign of the torsional splittings in 1402. In particular, the
energy ordering of the A and E sublevels of 1402150,1 and of
1011402150 is inverted ~i.e., opposite signs of torsional split-
tings! from that in the torsional levels built on 1401 and
1011401 ~where 1401 and 1402 denote the lower and upper
~nodeless and one-node! inversion tunneling components, re-
spectively!. However, no theoretical model was used in Refs.
1–4 to quantitatively explain this anomalous splitting.
Similar anomalous torsional splittings are reported for
molecules like propene5 and methanol.6 This abnormal split-
ting in propene is explained to be due to nonresonant anhar-
monic coupling to nearby vibrational states.5 Wang and
Perry6 used a local mode model for explanation of inverted
methanol torsional splittings in the CH stretching region and
basically showed that the inverted splitting is a systematic
property arising primarily from stretch–torsion interactions,
and not from accidental perturbations from neighboring vi-
brational states. Later, permutation–inversion ~PI! group-
theoretical methods were used7 to show that inverted tor-
sional splittings are induced when a pair of high-barrier
torsionally split components of a given torsional state, hav-
ing tA and tE symmetry species in the molecular symmetry
group G6 , are allowed to interact with small amplitude vi-
brational modes of symmetry vE . This mechanism is funda-
mentally similar to the local mode explanation of Wang and
Perry.6 But for our low vibrational energy observations in S1
acetaldehyde1,2 no such E vibrational states lie near the vi-
cinity of the levels studied, so the anomalous torsional split-
tings more probably result from interaction with the second
large-amplitude motion, i.e., inversion.
Model Hamiltonians for torsion and a second large am-
plitude motion of the inversion or wagging type were devel-
oped by applying extended PI groups8 to the high-barrier
torsional–wagging–rotational problems in hydrazine
(H2NNH2 , PI group G16)9,10 and methylamine (CH3NH2 ,
PI group G12).11,12 Fits to IR and microwave data based on
the Hamiltonians derived are quite satisfactory. Later thea!Electronic mail: icchen@mx.nthu.edu.tw
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Ohashi group13,14 adapted the CH3NH2 formalism for
methylamine-d1 with its smaller molecular symmetry group
of G6 . Methylamine exhibits two large amplitude motions:
the methyl torsion and the umbrella motion of the amine
group, and they interact. The molecular symmetry group of
the monodeuterated isotopomer CH3NHD is the same as that
for S1 acetaldehyde CH3CHO, since the inversion motion
involves two different atoms. The lighter hydrogen atom of
CHO does most of the moving, while the oxygen atom re-
mains rather stationary during inversion in CH3CHO; simi-
larly in CH3NHD, it is mainly the H atom of NHD that
moves during inversion. Hence the formalism used for
methylamine-d1 should be applicable to the similar behavior
in acetaldehyde S1 ~though it should be pointed out that
methylamine-d1 displays normal ordering of sublevels for
the torsional levels studied!.
From a dynamics point of view, the presence of the tor-
sional degree of freedom has been associated with accelera-
tion of intramolecular vibrational redistribution ~IVR!.6,15–20
In addition, coupling of intramolecular proton tunneling and
methyl internal rotation has been investigated in the mol-
ecules 2-methylmalonaldehyde,21 5-methyltropolone,22 and
5-methyl-9-hydroxyphenalenone.23 A decrease in proton tun-
neling splitting of one order of magnitude is observed when
a methyl rotor is present, e.g., the 18.9 cm21 splitting in the
first excited electronic state of tropolone24,25 drops to 2.2
cm21 in 5-methyltropolone.22 Investigation of the interaction
between these two large amplitude motions has provided de-
tailed information on proton transfer dynamics, but up to
now a quantitative theoretical model is lacking.
In the present work, we use the group-theoretically de-
rived tunneling formalism13 to interpret, via the interaction
of inversion and torsion, and anomalous sublevel positions
reported earlier1,4 in the 1402150, 1402151, and 1402152
inversion–torsion levels of S1 acetaldehyde. In addition, this
formalism is applied to the (1401153, 1402153) pair to test
its limits. The analogous vibrational progressions involving
Q10 require in principle consideration of the additional inter-
action of a small-amplitude vibrational motion and are not
fitted currently. However, because the effects of interactions
from Q10 are smaller than those from Q14 , results obtained
from the present work are also expected to provide a basis
for explanation of the abnormal torsional sublevel splittings
in the 1011402 series.
II. MODEL
Details of the group-theoretical formalism for under-
standing the high-barrier torsion–wagging and torsion–
wagging–rotation problems in methylamine have been pre-
sented earlier.11,12 This formalism was modified by the
Ohashi group13,14 to apply to the reduced molecular symme-
try G6 of mono-N-deuterated methylamine, and their modi-
fied formalism is used in the present work. Some of the
physical ideas and the necessary Hamiltonian matrix ele-
ments from that formalism are summarized below.
The first task in understanding a high-barrier tunneling
formalism is to identify the total number of equivalent
minimum-energy equilibrium configurations together with
the total number of feasible tunneling paths connecting them.
In the excited electronic state of acetaldehyde, there are six
different frameworks for the molecule, corresponding to the
six local minima arising in the torsion–inversion potential
surface @the ~a, g! space# from combinations of the three
internal rotation positions for the methyl group and the two
inversion positions of the pyramidal aldehyde group. Figure
1 shows the six frameworks in the ~a, g! space @or in the ~b,
g! space with m51]13 and the 6m frameworks in the ~b, g!
space for the S1 state of acetaldehyde, the symmetry opera-
tions relating each framework to framework 1, and arrows
indicating one internal rotation (n51→3) and two inversion
(n51→2, n51→6) tunneling paths. The six nonsuperim-
posable molecular frameworks of the S1 state of acetalde-
hyde corresponding to Fig. 1~a! are shown in Fig. 2.
In molecules like S1 acetaldehyde, the inversion motion
of the pyramidal group is associated with a subsequent inter-
nal rotation of the methyl group, the ‘‘corrective internal
rotation,’’ which is necessary to bring the whole molecule
back to the equilibrium conformation. The left and right
‘‘corrective internal rotations’’ in acetaldehyde are shown
schematically in Fig. 1~a! for the case in which the O atom
moves less than the H atom during the inversion motion.
These two final states, after subjecting them to the
laboratory-fixed inversion, operation *, correspond to con-
figurations n52 and n56 in Fig. 1~a! and Fig. 2. Since the
amount of corrective rotation is different for these two inver-
sion paths, the two inversion paths themselves are different,
and the splitting parameter for one path ~see below! is there-
fore denoted by h2v , the splitting parameter for the other by
h¯ 2v in the ~b, g! space in Fig. 1~b!.
In the formalism adopted here,11–14 a partial internal axis
method treatment is used, in which a backward rotation of
FIG. 1. A sketch of the inversion–torsion potential surface in the ~a, g! and
~b, g! spaces, with nearest-neighbor tunneling matrix elements indicated. ~a!
The equilibrium torsional angles for minima n52, 4, and 6 deviate from the
CH3NH2 values of 60°, 180°, and 300° in the ~a, g! space because the heavy
O atom and light H atom do not move by the same amount during inversion.
These six local minima in the ~a, g! space correspond to those in the ~b, g!
space of the m-fold extended group G6m when m51. ~b! The six minima in
the ~a, g! space extend to 6m minima in the ~b, g! space when m.1. ~For
the S1 state of CH3CHO, m>3.)
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the whole molecule is introduced to cancel the angular mo-
mentum generated by internal rotation. Because of this back-
ward rotation one needs to use an extended PI group to main-
tain the boundary condition of 2p periodicity for the
rotational angle about the z axis.13 In this formalism, the
torsional angle a is replaced by a torsional variable b
[a/m , where m/p51/r . The quantity r is a structural pa-
rameter involving moments of inertia of the top and frame in
the molecule, with a value near 1/3 for acetaldehyde; the
quantities m and p are the smallest pair of integers with a
ratio equal to 1/r. ~The application of extended PI groups to
torsional motion is described in detail in Ref. 8.! Oda et al.13
used G6
m that is isomorphic to C3m ,v to derive the energy
levels of the molecular system and to treat the torsion, inver-
sion, and rotation motions simultaneously. The six local
minima and frameworks of Fig. 1~a! will extend to 6m
minima and frameworks in the ~b, g! space. The various
minima in ~b, g! space are shown in Fig. 1~b! along with
parameters in the matrix elements for tunneling between
frameworks similar to those used for CH3NHD.13
All terms linear and quadratic in components of the total
angular momentum in the phenomenological tunneling–
rotational Hamiltonian13 derived in this formalism are shown
in Eq. ~1!,
H5hv1h jJ21hkJz21~ f 1J12 1 f 2J22 !
1qJz1~r1J11r2J2!
1@s1~J1Jz1JzJ1!1s2~J2Jz1JzJ2!# , ~1!
where all the coefficients ~h, f, q, r, and s! in Eq. ~1! are in
general functions of the torsional, wagging, and small-
amplitude vibrational variables. Selection rules for the rota-
tional operators in Eq. ~1! follow from the usual ladder op-
erator considerations. The torsional–wagging coefficients ~h,
f, q, r, and s! have definite symmetry species in the group
G6
m ; these are given in Table X of Oda et al.,13 together with
their behavior under the combined operation (‡) of time re-
versal and Hermitian conjugation.
The terms ( f 1J12 1 f 2J22 ) are responsible for the con-
ventional asymmetric rotor splittings. The coefficient q re-
sembles a vibrational angular momentum operator along the
molecular z axis. The terms (r1J11r2J2) arise from Co-
riolis interactions about the molecular axes x and y. The last
two terms @s1(J1Jz1JzJ1)1s2(J2Jz1JzJ2)# arise from
off-diagonal contributions to the moment-of-inertia tensor
and they are closely related to the Dab and Dac terms from
earlier treatments.13
The Hamiltonian matrix elements applied in this work
are the same as those used in the fit to methylamine-d1 .14
The torsional-wagging basis functions used to calculate these
Hamiltonian matrix elements are as defined in Eq. ~17! and
Table V of Ref. 13. Note that only the matrix elements and
equations used to fit the present experimental data are listed
below; for detailed derivations the reader should refer to the
original theoretical papers.13,14
^G~K ,J !,luHuG~K ,J !,l&
5h12~21 ! l~h21h4 cos t1h6 cos 2t1h8 cos 3t!
2~21 ! l~h¯ 2 cos t1h¯ 4 cos 2t1h¯ 6 cos 3t1h¯ 8 cos 4t!
12~h3 cos t1h5 cos 2t!2K@~21 ! lq¯2 sin t
22q3 sin t#2dK ,1~21 !J1lJ~J11 !
3@ f 1r2~21 ! l~ f 21 f¯2!12 f 3,R#F~G!,
^G~K ,J !,1uHuG~K ,J !,2&5^G~K ,J !,2uHuG~K ,J !,1&*
51i~h4 sin t1h6 sin 2t1h8 sin 3t!
2i~h¯ 2 sin t1h¯ 4 sin 2t1h¯ 6 sin 3t1h¯ 8 sin 4t!
2iK~q22 q¯2 cos t!1idK ,1~21 !JJ~J11 !
3~ f 1i12 f 3,I!F~G!,
^G~K ,J !,luHuG~K12,J !,l&
5 f 0~J ,K !$ f 1r8 2~21 ! l f 22@~21 ! l f¯222 f 3,R#cos t8%,
~2!
^G~K ,J !,luHuG~K12,J !,32l&
5i f 0~J ,K !@ f 1i8 1~21 ! l f¯2 sin t812 f 3,I cos t8# ,
^G~K ,J !,luHuG~K11,J !,l&5i f s~J ,K !s1,I ,
^G~K ,J !,luHuG~K11,J !,32l&5 f s~J ,K !s1,R .
G denotes the overall vibration–torsion–inversion–rotation
symmetry. The symbol l51 or 2 denotes the two different
basis functions associated with the same overall symmetry
species. @Note that the torsional–wagging–rotational basis
functions used here and in Ref. 14 are the same as those
FIG. 2. The six nonsuperimposable equilibrium frameworks for S1 acetal-
dehyde and the symmetry operations apbq @where a5(132) and b
5(12)*] which relate these frameworks to that for n51. The six frame-
works in the ~a, g! space correspond to those in the ~b, g! space for the
group G6
m when m51. They repeat m times to supply the additional frame-
works required for the 6m minima when m.1.
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defined in Eqs. ~30!–~32! in Ref. 13 except for a phase factor
of e2iKpr/6, which is slightly different than the phase factor
of (2i)K1l21e2iKpr/6 suggested in Ref. 13. The present
choice makes all matrix elements either purely real or purely
imaginary.#
The J and K dependences of the n51, nontunneling,
asymmetric-rotor-like terms in Eq. ~2! are given by
h15h1v1B¯ J~J11 !1~A2B¯ !K22DJ@J~J11 !#2
2DJKJ~J11 !K22DKK4,
f 1r5 f 1,R1 f 1,R jJ~J11 !1 f 1,RkK2,
f 1i5 f 1,I1 f 1,I jJ~J11 !1 f 1,IkK2, ~3!
f 1r8 5 f 1,R1 f 1,R jJ~J11 !1~1/2! f 1,Rk@K21~K12 !2# ,
f 1i8 5 f 1,I1 f 1,I jJ~J11 !1~1/2! f 1,Ik@K21~K12 !2# ,
where the f 1,Rk and f 1,Ik terms in the f 1r8 and f 1i8 expressions
here are slightly changed from their analogs in Ref. 14. The
quantities above are related to the usual rotational constants
in a right-handed nonprincipal axis system (a ,b ,c) which is
consistent with ~i! the absence of r-dependent phase factors
in our Hamiltonian matrix elements, ~ii! (x ,y ,z)→(c ,
2b ,a), and ~iii! off-diagonal terms in the rotational operator
written in the form Dab(JaJb1JbJa)1Dbc(JbJc1JcJb)
1Dac(JaJc1JcJa), by
f 1,R52~B2C !/4,
f 1,I51Dbc/2,
~4!
s1,R51Dac/2,
s1,I51Dab/2.
Parameters for other values of n ~i.e., various tunneling pa-
rameters! are
hn5hnv1hn jJ~J11 !1hnkK2 ~n52,3,4,...!,
h¯ n5h¯ nv1h¯ n jJ~J11 !1h¯ nkK2 ~n52,4,6,...!,
~5!
qn5qnv1qn jJ~J11 !1qnkK2 ~n52,3,4,...!,
q¯n5 q¯nv1 q¯n jJ~J11 !1 q¯nkK2 ~n52,4,6,...!.
The tunneling and nontunneling parameters can be related to
integrals between frameworks of the form
Cn;^1uCun& ~n51,2,3,..!,
~6!
C¯ n;^1uCu6m122n& ~n52,4,6,...!,
where C5h , f, q, r, and s. These tunneling parameters have
been defined clearly in Ref. 13.
The purely rotational matrix element factors are given by
the expressions
f 0~J ,K !5@~J1K12 !~J1K11 !~J2K !
3~J2K21 !#1/2~11dK ,0!1/2, for G5A1 ,A2 ,
f 0~J ,K !5@~J1K12 !~J1K11 !~J2K !
3~J2K21 !#1/2, for G5E ,
f s~J ,K !5@~J2K !~J1K11 !#1/2~2K11 !
3~11dK ,0!1/2, for G5A1 ,A2 , ~7!
f s~J ,K !5@~J2K !~J1K11 !#1/2~2K11 !, for G5E .
An integer control factor F and various control angles t de-
pending on the symmetry species are given by
F~A1!511, F~A2!521, F~E !50,
t5~2p/3!Kr , for G5A1 ,A2 ,
5~2p/3!~Kr11 !, for G5E ,
~8!
t85~2p/3!~K11 !r , for G5A1 ,A2 ,
5~2p/3!@~K11 !r11# , for G5E .
Here t for E species defined as (2p/3)(Kr21) in Refs. 13
and 14 is changed to (2p/3)(Kr11) and t8 defined as
(2p/3)@(K11)r21# is changed to (2p/3)@(K11)r11# to
be consistent with our previous definition for the rotational
direction of the internal rotor relative to that of K.1 This
troublesome sign convention is discussed in detail by
Mekhtiev et al.26
The notational conventions above can be summarized as
follows. The index of the torsional–wagging basis function
localized in the nth local minimum in the space ~b,g! is
denoted by n. The nontunneling integrals, corresponding to
asymmetric rotor effects, have the subscript 1 ~e.g., h1 , f 1r ,
and f 1i). The other symbols with odd subscripts ~e.g., h3 ,
h5 , h7) denote tunneling integrals contributed by the pure
internal rotation. Symbols with even subscripts denote tun-
neling integrals contributed by the inversion motion followed
by a corrective internal rotation. They occur as unbarred
~e.g., h2 , h4 , h6) and barred ~e.g., h¯ 2 , h¯ 4 , h¯ 6) quantities,
corresponding to the smaller and larger rotational correction,
respectively. The definitions used for the off-diagonal rota-
tional constants Dab , Dac , and Dbc follow those used
previously1 and are half those used by Ohashi et al.14
A useful equation was obtained by Oda et al.13 by retain-
ing only contributions from the vibrational energy and the
three dominant tunneling splitting parameters; this simplified
equation for the rotationless torsion–inversion levels,
E~ twG ,K !5h1v12h3v cos t6@~h2v2h¯ 2v!2
14h2vh¯ 2v cos2~t/2!#1/2, ~9!
includes only hnv elements, and twG5A1 , A2 , or E. Indices
t and w indicate the torsional and inversional species. In the
S1 state of acetaldehyde, twG5 twA1 and twA2 for J50 refer
to the 140115v t and 140215v t levels for even v t and to
140215v t and 140115v t for odd v t , respectively. For a given
v t state, the upper E levels correspond to 140215v t levels and
the lower E levels to 140115v t levels.
A detailed explanation of the correlation of r with q2
and q3 in the partial IAM axis system used here is given for
methylamine in connection with Eq. ~21! of Ref. 27. We
have derived similar equations for the present problem, and
find that the parameters r, q¯2v , and q3v are highly corre-
lated. We thus explicitly set q3v50. We have also set q5v ,
q7v , etc., to zero in all the fits discussed below, even though
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we have not investigated the contact transformation proce-
dures that are probably necessary to justify neglect of these
terms mathematically.
III. RESULTS
A. Global fits to the inversion–torsion–rotation levels
In the model adopted here, each vibrational state, i.e.,
140150, 140151, 140152, and 140153, is treated completely
separately. On the other hand, all rotational levels belonging
to the four inversion–torsion tunneling components within a
given vibrational state ~e.g., all rotational levels of
1401151A, 1401151E, 1402151A, and 1402151E for the
140151 state! are treated in the same global fit. We fit the
experimental data reported previously1 to this model, and
included as well the data of Jalviste et al.4 for v t50. Table I
lists root-mean-square ~rms! deviations from our global fits,
which range from the lowest torsional state v t50 to the
moderate energy state v t53. To better assess the quality of
these fits, contributions to these rms deviations are presented
for individual inversion–torsion components and individual
K quantum numbers. Table II lists the fitted molecular pa-
rameters and the overall rms for the fits to the four vibra-
tional states. Table III shows the calculated and observed
A/E splitting for each v t and each pair of inversion compo-
nents, as well as the calculated and observed inversion split-
ting for the A and E components of each torsional state.
For the v t50 pair ~here and below, the word ‘‘pair’’
refers to the 140115v t and 140215v t inversion pair!, the ob-
tained torsional splittings are small and comparable with the
experimental uncertainties, so neither the magnitude nor the
direction of the vector r can be determined from the fits.
These two properties of the r vector were therefore trans-
ferred from the higher v t fits, i.e., the magnitude of r was
taken to be 0.28 and Dab was taken to be 20.13 cm21. For
the v t50 pair, a total of nine parameters were floated to fit
82 and 136 inversion–torsion–rotation states in our1 and
Jalviste’s4 data, respectively. The nine floated parameters in
the v t50 columns of Table II can be divided into three
groups. The first group consists of the three rotational con-
stants A, B, C and an additive energy offset parameter h1v ,
which simply makes the calculated energy of the 000 A state
of 1401150 equal to 0. The second group consists of the two
inversion tunneling parameters h2v and h¯ 2v @see Fig. 1~b!#
together with two centrifugal distortion corrections to the
large h2v parameter. The large ratio of h2v /h¯ 2v’6000 sug-
gests that one corrective rotation following the inversion is
much easier to carry out than the other, which is consistent
with one corrective rotation at the bottom of the torsional
well requiring essentially no tunneling through the torsional
barrier and one corrective rotation requiring significant tun-
neling. The third group of parameters contains only the tor-
sional splitting parameter h3v . This parameter is negative
and corresponds, as it should, to the A level lying below the
E level in the v t50 state of the purely torsional problem.
Nevertheless, for this torsional ground state level in S1 ac-
etaldehyde, both from our measurements and from data of
Jalviste et al.4 at better spectral resolution and corrected for
perturbation by the nearby triplet state, the A level lies
slightly above the E level in 1402. As shown in Tables I–III,
the rms of deviations for the calculated values from both
experimental data sets is near the measurement uncertainties.
Even though our experimental value of 20.003 cm21 is close
to the experimental measurement uncertainty, the calculated
E – A energy difference also yields a small negative value for
1402, confirming the experimental finding.
For the v t51 pair, nine parameters are used to fit 87
TABLE I. Fitted rms deviations ~cm21! of assigned J levels of given K for torsional levels 14015v t in S1 acetaldehyde.
v t 0 0a
K 3 2 1 0 21 22 23 4 3 2 1 0 21 22 23
1401A 0.0050 0.0034 0.0030 0.0037 0.0012 0.0013 0.0024 0.0015
1402A 0.0021 0.0019 0.0020 0.0005 0.0014 0.0017 0.0009
1401E 0.0031 0.0027 0.0031 0.0026 0.0058 0.0063 0.0004 0.0016 0.0017 0.0013 0.0017 0.0011
1402E 0.0027 0.0037 0.0014 0.0030 0.0013 0.0016 0.0018 0.0026 0.0021 0.0012 0.0017 0.0028
v t 1 2
K 3 2 1 0 21 22 23 3 2 1 0 21 22 23
1401A 0.0029 0.0034 0.0035 0.0037 0.0027 0.0039
1402A 0.0054 0.0032 0.0033 0.0018 0.0034 0.0053 0.0044
1401E 0.0039 0.0040 0.0043 0.0031 0.0034 0.0031 0.0018 0.0020 0.0024 0.0050 0.0056 0.0066 0.0037
1402E 0.0062 0.0033 0.0033 0.0034 0.0047 0.0041 0.0014 0.0020
v t 3
K 3 2 1 0 21 22 23
1401A 0.0026 0.0031 0.0030
1402A 0.0034 0.0030 0.0028
1401E 0.0038 0.0057 0.0028 0.0036 0.0047 0.0035
1402E 0.0027 0.0065 0.0041 0.0025 0.0044 0.0071
aThese experimental data are from Jalviste et al. ~Ref. 4!. All other data in the table are from Chou et al. ~Ref. 1!.
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states. For v t51, the torsional splittings are large enough to
permit the determination of the magnitude and direction of r,
so both r and Dab were floated. As is expected for this
model, the A/E torsional tunneling splitting parameter h3v
changes sign and increases in magnitude by factor of 34,
compared to its value for the v t50 pair. The ratio uh2v /h¯ 2vu
of the two inversion tunneling parameters is a factor of 70
smaller than its value for v t50. This makes the ratio closer
to unity, which is consistent with the fact that the tunneling
paths with the two different corrective internal rotations must
become comparable in difficulty ~and the inversion tunneling
parameters must therefore become comparable in magnitude!
as the torsional energy increases to values well above the
barrier hindering internal rotation. The rms of deviations for
the best fit to this inversion–torsion pair is 0.004 cm21,
which is again near our measurement uncertainty. We do not
understand why, but the two small centrifugal distortion cor-
rections to h2v needed for the v t50 fit were not necessary
for the v t51 fit. One possible explanation is that these two
small parameters, giving contributions of less than 0.02 cm21
to the energy levels within the J<6, K<3 range of our data,
are trying to fit some unknown residual effects of the pertur-
bation of v t50 by the triplet T1 state. In any case, this for-
malism with a limited number of parameters successfully fits
TABLE II. Molecular parameters from least-squares fits of inversion–torsion–rotation levels in 14015v t of S1 acetaldehyde for v t50, 1, 2, and 3.a
v t 0 0b 1 2 3
h1v 17.1844~7! 17.1872~2! 8.4523~8! 13.603~1! 24.264~1!
A – B¯ 1.2613~2! 1.26176~4! 1.26~1! 1.251~1! 1.2572~3!
B¯ 0.32464~5! 0.324588~6! 0.324~3! 0.3238~4! 0.32386~4!
B – C 0.0552~2! 0.05515~2! 0.055~7! 0.0523~7! 0.0522~3!
Dab 20.13c 20.13c 20.13~3! 20.130~3! 20.1366~2!
h2v 217.1823~7! 217.1844~2! 8.6460~4! 212.1566~9! 10.3~1!
h2 j 20.00028~5! 20.000286~6!
h2k 0.0016~2! 0.00233~4! 0.100~3! 20.0039~3!
h¯ 2v 20.0028~6! 20.0035~2! 20.1034~7! 20.544~2! 25.9~2!
q2v 21.43~2! 0.015~1!
f 2 20.00070~6!
h4v 1.9~2!
h¯ 4v 20.7~1!
h6v 20.078~2! 0.43~1!
h8v 0.061~5!
r 0.28c 0.28c 0.268~2! 0.2815~7! 0.26962~5!
h3v 20.0012~3! 20.00073~8! 0.0428~4! 20.464~1! 5.0006~8!
h3k 0.0018~3! 0.0029~3!
q3k 0.0028~1! 20.00031~8!
f 3,R 0.00037~2!
h5v 0.050~1! 0.1888~5!
#d 82 136 87 81 103
rms 0.0032 0.0017 0.0036 0.0039 0.0039
aNumbers in parentheses denote one standard deviation and apply to the last digits of the parameters. Parameters and rms are in cm21, except that the
parameter r is unitless.
bThese experimental data are from Jalviste et al. ~Ref. 4!. All other data are from Chou et al. ~Ref. 1!.
cThe parameter r is fixed at 0.28 and Dab at 20.13 cm21 for v t50 ~see text!.
dNumber of levels included in the fit. See Table V for the energies, quantum numbers, and observed-minus-calculated residuals of these levels.
TABLE III. Experimentala and calculatedb torsional splittings DE – A ~cm21! and inversion splittings D inv ~cm21! for S1 acetaldehyde; experimental data are
from Chou et al. ~Ref. 1! except for values in parentheses, which were taken from Jalviste et al. ~Ref. 4!.
v t
DE – A
0 1 2 3
1401 1402 1401 1402 1401 1402 1401 1402
Expt. 0.005
~0.0064!
20.003
~20.0052!
20.286 0.032 2.165 0.322 223.232 NA
Calc. 0.008
~0.0075!
20.0004
~20.0031!
20.284 0.027 2.164 0.322 223.228 27.908
D inv A E A E A E A E
Expt. 34.368
~34.374!
34.360
~34.362!
17.078 17.396 25.554 23.711 NA 27.553
Calc. 34.370
~34.376!
34.362
~34.365!
17.085 17.396 25.557 23.716 12.235 27.555
aThe letters NA indicate that the experimental value is not available.
bCalculated torsion and inversion splittings were obtained from our fitting results by taking differences between appropriate calculated 000 levels.
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the rotational structure of the inversion–torsion pairs for
both v t50 and v t51, and the parameter changes are consis-
tent with this tunneling model.
For the v t52 pair, fits using the present model suggested
that the K50 subband of 1402152 E should be reassigned.
The QP0 branch has only one resolved transition; the others
are blended. If this resolved line is assigned to 101– 202 in-
stead of to 000– 101 , as suggested previously,1 and J values
for the blended lines are correspondingly shifted, as shown
in Table IV, four changes occur: ~i! two less parameters are
required for the fit; ~ii! the fitting residuals are less; ~iii! a
good combination difference involving the unblended line is
obtained; and ~iv! a positive value for the E – A splitting of
0.322 cm21 is obtained for 1402152. Because of the larger
torsional energy in v t52, parameters involving higher-order
terms must be included in the fit. Table II gives results from
a fit using 16 parameters to fit 81 inversion–torsion–rotation
states, yielding a rms deviation of 0.004 cm21. In this fit, six
parameters (h1v , A, B, C, Dab , and r! describe nontunneling
asymmetric rotor effects and the magnitude and direction of
r, six parameters (h2v , h2k , h¯ 2v , q2v , f 2 , and h6v) de-
scribe inversion–torsion–rotation tunneling interactions, and
four parameters (h3v , h3k , q3k , and h5v) describe pure
torsion–rotation interactions. The set of six nontunneling pa-
rameters for v t52 are in very good agreement with the cor-
responding values determined for v t51. The set of four
torsion–rotation parameters are also consistent with qualita-
tive expectations, since the torsional–tunneling–splitting
parameter h3v changes sign and increases by an order of
magnitude compared to its value for v t51, and since small
centrifugal distortion corrections (h3k , q3k) as well as a
higher order Fourier coefficient of the torsion-K-rotation
splitting pattern (h5v) are required. ~Note that even though
the Coriolis coupling constant q3v could be fixed to zero
because of correlation effects, as described earlier, its J and
K dependence cannot be similarly eliminated.!
Unfortunately, in our fits of v t52 more than one set of
parameters leads to the same acceptable rms deviation of
0.004 cm21. The problem concerns mainly the inversion–
tunneling parameters h2k , h¯ 2v , h¯ 2k , q2v , q2k , q¯2v , h4v ,
and h6v , which can vary dramatically from fit to fit, even
though the nontunneling and pure torsional tunneling param-
eters discussed at the end of the preceding paragraph remain
quite stable. This parameter instability could be caused by
some intrinsic indeterminacy in the parameter set. It is also
possible, however, that the problem is caused by some com-
bination of the following factors: ~i! The molecule becomes
more floppy at higher energies, requiring a large number of
higher-order inversion–torsion–rotation interaction terms to
adequately describe the energy levels. ~ii! Our information
on the large-amplitude motions is quite unbalanced, since
torsional information comes from the A and E tunneling
components of the four levels with v t50, 1, 2, and 3, while
inversion information comes only from the 1401 and 1402
TABLE IV. New and reassigned transitions for bands 140021502, 140011503, and 140021503 in S1 – S0 of acetaldehyde, where the asterisk denotes a previously
assigned line by Chou et al. ~Ref. 1! which is now unassigned.
New Previous Position ~cm21! New Previous Position ~cm21!
1402152 1402152 1401153A
523– 414A 30 148.1062 331– 220 30 262.7184
* 523– 414A 30 148.1189 330– 221 30 262.7184
000– 101E , 111– 110A 111– 110A 30 140.8722 1402153E 1401153E
101– 202E 000– 101E 30 140.2146 331– 220 323022 – 21 30 284.1705
202– 303E 101– 202E 30 139.5537 432– 321 4231– 3 – 22 30 284.8096
303– 404E 30 138.8926 533– 422 5232– 4223 30 285.4494
* 202– 303E 30 138.9233 634– 523 6233– 5224 30 286.0920
101– 000E , 212– 111A 212– 111A 30 142.1446 1402153E 1402153E
202– 101E , 3213– 2212E 3212– 2212E 30 142.7664 3221– 211 30 292.9175
303– 202E 30 143.3822 3221– 2212 3221– 211 30 293.0346
404– 303E 30 143.9823 * 3221– 2212 30 293.1464
101– 1211E , 101– 202A 101– 202A 30 139.9649 1402153A 1402153A
101– 110E 30 139.9035 523– 413 30 292.7825
202– 211E 30 139.8569 624– 514 30 293.0692
* 423– 313 30 292.6754
1401153A
000– 111 30 273.1808 1402153A 1402153E
101– 212 30 272.5790 331– 221 331– 220 30 290.0153
101– 110 30 273.7915 432– 322 432– 321 30 290.6505
202– 313 30 272.0162 533– 423 533– 422 30 291.2702
202– 211 30 273.7915 634– 524 30 291.8650
303– 414 30 271.4870
404– 515 30 270.9864 330– 220 331– 220 30 290.0153
431– 321 432– 321 30 290.6505
221– 110 30 268.1683 532– 422 533– 422 30 291.2702
221– 212 30 266.9579 633– 523 30 291.8497
220– 111 30 268.2037
220– 211 30 266.8500 * 634– 523 30 291.8987
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tunneling components of its ground state. ~iii! The corrective
methyl rotation required after inversion prevents decoupling
of inversion from the internal rotation. ~iv! Levels with only
a limited number of K values have been observed for v t
52.
One might expect the tunneling parameters h4v and q2v
to both be necessary when calculating inversion–torsion–
rotation effects in the floppy v t52 pair, but these two pa-
rameters cannot be determined simultaneously from our cur-
rent limited data set. In fact, our data can determine the
inversion–torsion diagonal term (h4v1h¯ 2v)cos t rather well,
but cannot determine the off-diagonal term i@(h4v
2h¯ 2v)sin t2Kq2v1Kq¯2v cos t#, which is responsible for in-
teraction between the two inversion sublevels. It appears that
the q2vK term can partly compensate for the (h4v
2h¯ 2v)sin t term ~presumably because we do not have
enough K values in our v t52 fits!, and q2v thus varies with
h4v and h¯ 2v . Inversion splittings of more K levels are
needed to stabilize these inversion–tunneling parameters.
~The missing K511 and 12 levels of 1402152 E are prob-
ably particularly harmful to this fit.!
In any case, the v t52 fit we have chosen to present in
Table II skips h4v but includes h6v , because the sum of h¯ 2v
and h4v is nearly constant ~20.53 cm21! in these fits, so that
ignoring h4v by setting it to zero does not have any obvious
effect on the least-squares residuals. The fit presented is the
one with the fewest total parameters and the fewest
inversion–torsion–rotation parameters from among our fits
with rms deviations of 0.004 cm21.
The v t53 pair, at a torsional energy of about 580 cm21,
is only about 70 cm21 below the top of the torsional barrier.
Strong torsion–rotation and inversion–torsion–rotation in-
teractions are thus expected in this torsional level. For ex-
ample, from the results of calculation, the energy ordering of
K states of A species is 3,2,1,0 in 1401153, but 0,1
,2,3 in 1402153. The reversed K energy ordering in
1402153 results from torsion–rotation and inversion–
torsion–rotation interactions, and is confirmed by the experi-
mental data. The theoretical formalism used in the present
paper can also be used to predict unassigned rotational lines
in this region. For example, the lower wave-number compo-
nent of the A – A band was not assigned in our earlier work,1
but we have now been able to assign transitions involving
K50, 2, and 3 of 1401153 A. Analogous K52 and 3 tran-
sitions were also found in 100
1140
011503, providing qualitative
confirmation of these new assignments. Based on this new
information, the E – A splitting is now determined to be
223.232 cm21 for 1401153, in good agreement with the
fitted value of 223.228 cm21 in Table III. For 1402153, the
observed E – A splitting is still unknown, but its calculated
value is 27.908 cm21 in Table III. The calculated K structure
of the E sublevels is also dramatically affected, and some
E – E transitions have therefore also been reassigned.
For the K52 A doublets of v t53, the theoretical model
prefers a reversed energy order from the asymmetric rotor
convention that JKa ,J2Ka lies above JKa ,J2Ka11 . These K
52 A doublet splittings are comparable at low J to our ex-
perimental uncertainty, however, so that deviations from fits
using either assignment are about the same. Because the v t
53 torsional level is near the top of the barrier, where the
high-barrier tunneling model may not be adequate, we have
chosen to use the asymmetric rotor convention to label these
K52 doublets in our experimental spectra.
All of the new assignments or reassignments discussed
in the paragraphs above are given in Table IV.
As mentioned, the torsional energy in v t53 is compa-
rable to the barrier height, so more higher-order terms must
be added to the fit. In addition, however, Franck–Condon
factors in this energy region allow more transitions to appear
in the spectra. Thus, a total of 19 parameters are used to fit
103 inversion–torsion–rotation states to a rms deviation of
0.004 cm21, which is again at the level of our measurement
uncertainty. The parameters consist of six nontunneling pa-
rameters characterizing asymmetric rotor effects and the
magnitude and direction of the r vector, eight tunneling pa-
rameters characterizing inversion–torsion–rotation interac-
tion, and five parameters characterizing pure torsion–rotation
interaction. These parameters look reasonable, except for the
small q2v value, which could result either from accidental
cancellation of inversion induced angular momentum or
from a lack of K values. In fact, the fits for v t52 and 3 have
either reached the limits of our data or the limits of the high-
barrier tunneling model, because there are six inversion–
torsion tunneling parameters for six inversion splittings of K
states in v t52 and 8 parameters for eight splittings of K
states in v t53.
The main points of this global fitting section from a tun-
neling point of view can be summarized as follows. Overall
the formalism successfully fits experimental data for all tor-
sional states below the barrier with an acceptable rms devia-
tion, as can be seen from the list in Table V of experimental
term values for all states and the observed minus calcula-
ted residuals from the fits. The ratio of uh¯ 2v /h2vu is ;2
31024, 0.012, 0.045, and 0.57 for v t50, 1, 2, and 3, respec-
tively. This ratio increases with v t , consistent with the inter-
pretation that as we move towards the top of the barrier the
two different corrective internal rotations become more
nearly comparable in difficulty. Tunneling to more distant
frameworks in the ~b, g! space of Fig. 1~b! is important in
v t52 and 3, so that higher order terms in the hnv expansion
become necessary. The n55 term is still much smaller than
the n53 term, suggesting that the purely torsional expansion
is still convergent, but the n54 terms become comparable to
the n52 terms for v t53, suggesting that there may be con-
vergence problems with the inversion expansion.
B. Inversion–torsion interaction
To obtain a clearer physical picture of the large-
amplitude inversion and torsion vibrational motions without
rotational complications, the quantum numbers J and K can
be set to zero. The energy expressions for the four levels
twA1 , twA2 , twEl , and twEu ~where the subscripts l and u
denote the lower and upper E states, respectively! then sim-
plify to
E~ twA1!5h1v1~h2v1h¯ 2v!12h3v , ~10a!
E~ twA2!5h1v2~h2v1h¯ 2v!12h3v , ~10b!
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TABLE V. Observed and calculated term valuesa ~cm21! of 140115023 and 140215023 of CH3CHO (S1).
Obs.–Calc. Obs. J Ka Kc Obs.–Calc. Obs. J Ka Kc
1401150A
0.0032 0.000 0 0 0
20.0037 0.628 1 0 1
0.0011 1.903 2 0 2
20.0033 3.800 3 0 3
0.0007 1.896 1 1 1
0.0021 1.939 1 1 0
20.0054 3.119 2 1 2
0.0030 3.252 2 1 1
20.0037 4.963 3 1 3
0.0010 5.217 3 1 2
20.0029 7.419 4 1 4
0.0001 7.839 4 1 3
0.0061 11.120 5 1 4
0.0073 7.046 2 2 1
0.0060 7.046 2 2 0
0.0038 8.948 3 2 2
0.0017 8.951 3 2 1
0.0019 11.486 4 2 3
0.0020 11.501 4 2 2
0.0072 14.665 5 2 4
20.0061 14.687 5 2 3
1401150E
0.0000 0.005 0 0 0
20.0033 0.637 1 0 1
0.0002 1.909 2 0 2
20.0053 3.805 3 0 3
20.0035 1.898 1 21 1
20.0020 3.129 2 21 2
20.0031 4.970 3 21 3
20.0009 7.428 4 21 4
20.0099 10.486 5 21 5 b
0.0021 1.946 1 1 0
20.0012 3.254 2 1 1
0.0000 5.223 3 1 2
20.0049 7.840 4 1 3
0.0077 8.953 3 22 2
0.0030 11.489 4 22 3
0.0040 7.051 2 2 0
20.0010 8.954 3 2 1
0.0034 11.507 4 2 2
20.0085 15.350 3 23 1
20.0066 17.895 4 23 2
20.0016 21.079 5 23 3
1402150A
0.0006 34.368 0 0 0
0.0036 35.007 1 0 1
20.0011 36.274 2 0 2
0.0008 38.180 3 0 3
0.0030 40.717 4 0 4
0.0003 43.876 5 0 5
20.0015 36.261 1 1 1
0.0019 36.306 1 1 0
20.0014 37.492 2 1 2
20.0018 37.616 2 1 1
20.0036 39.335 3 1 3
20.0002 39.589 3 1 2
0.0013 41.800 4 1 4
0.0009 42.216 4 1 3
0.0011 44.873 5 1 5
20.0028 45.493 5 1 4
0.0000 41.396 2 2 1
20.0005 41.396 2 2 0
0.0018 43.306 3 2 2
0.0009 43.311 3 2 1
20.0037 45.845 4 2 3
20.0029 45.861 4 2 2
1402150E
20.0017 34.365 0 0 0
20.0014 35.001 1 0 1
20.0007 36.274 2 0 2
20.0007 38.178 3 0 3
20.0021 40.712 4 0 4
20.0001 36.304 1 21 0
20.0015 37.616 2 21 1
0.0034 39.592 3 21 2
20.0047 42.210 4 21 3
0.0003 36.262 1 1 1
20.0010 37.492 2 1 2
0.0014 39.340 3 1 3
0.0071 41.806 4 1 4
20.0009 41.396 2 22 0
0.0009 43.310 3 22 1
0.0019 45.866 4 22 2
0.0007 41.396 2 2 1
0.0043 43.309 3 2 2
20.0019 45.847 4 2 3
1401151A
0.0046 0.000 0 0 0
0.0003 0.630 1 0 1
20.0028 1.894 2 0 2
0.0008 3.796 3 0 3
20.0056 6.316 4 0 4
0.0024 9.476 5 0 5
0.0065 1.864 1 1 1
0.0014 1.900 1 1 0
20.0033 3.082 2 1 2
20.0033 3.204 2 1 1
20.0004 4.926 3 1 3
20.0007 5.170 3 1 2
20.0012 7.379 4 1 4
0.0004 7.787 4 1 3
20.0021 10.443 5 1 5
1401151E
0.0026 20.286 0 0 0
0.0060 0.352 1 0 1
20.0002 1.614 2 0 2
0.0018 3.516 3 0 3
0.0014 6.044 4 0 4
0.0033 1.730 1 21 0
0.0021 3.015 2 21 1
0.0059 4.967 3 21 2
0.0011 7.571 4 21 3
0.0025 10.838 5 21 4
0.0036 1.552 1 1 1
0.0042 2.805 2 1 2
20.0051 4.655 3 1 3
20.0041 10.191 5 1 5
0.0031 6.927 2 22 0
20.0004 8.828 3 22 1
0.0009 11.371 4 22 2
20.0053 14.545 5 22 3
0.0024 6.633 2 2 1
20.0041 8.533 3 2 2
20.0030 11.077 4 2 3
20.0058 14.256 5 2 4
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TABLE V. ~Continued.!
Obs.–Calc. Obs. J Ka Kc Obs.–Calc. Obs. J Ka Kc
20.0012 15.279 3 23 0
20.0022 17.817 4 23 1
20.0010 14.954 3 3 1
20.0055 17.491 4 3 2
1402151A
20.0029 17.078 0 0 0
20.0020 17.713 1 0 1
20.0011 18.982 2 0 2
0.0006 20.883 3 0 3
20.0049 18.970 1 1 1
20.0018 19.014 1 1 0
20.0005 20.202 2 1 2
20.0056 20.320 2 1 1
20.0006 22.043 3 1 3
20.0029 22.287 3 1 2
20.0026 24.495 4 1 4
20.0004 24.908 4 1 3
0.0049 27.569 5 1 5
0.0030 24.106 2 2 1
0.0041 24.108 2 2 0
0.0009 26.007 3 2 2
0.0011 26.013 3 2 1
0.0009 28.545 4 2 3
0.0035 28.562 4 2 2
0.0044 31.718 5 2 4
0.0046 31.753 5 2 3
0.0006 32.403 3 3 1
0.0011 32.404 3 3 0
0.0060 34.948 4 3 2
0.0089 34.951 4 3 1
20.0002 38.118 5 3 3 b
0.0084 38.127 5 3 2 b
1402151E
0.0023 17.110 0 0 0
20.0017 17.740 1 0 1
20.0020 19.008 2 0 2
0.0068 20.916 3 0 3
20.0032 23.434 4 0 4
0.0006 26.591 5 0 5
20.0064 18.989 1 21 1
0.0003 20.225 2 21 2
20.0064 22.060 3 21 3
0.0014 24.522 4 21 4
0.0053 27.592 5 21 5
20.0010 19.039 1 1 0
20.0037 20.345 2 1 1
20.0032 22.310 3 1 2
0.0027 24.933 4 1 3
20.0046 28.196 5 1 4
0.0006 24.129 2 2 0
20.0013 26.033 3 2 1
0.0055 28.583 4 2 2
20.0081 32.406 3 3 0
20.0032 34.951 4 3 1
1401152A
0.0040 0.000 0 0 0
20.0041 0.628 1 0 1
0.0027 1.906 2 0 2
20.0048 3.803 3 0 3
20.0039 6.339 4 0 4
20.0037 9.501 5 0 5
0.0043 2.115 1 1 1
0.0011 2.155 1 1 0
20.0003 3.339 2 1 2
0.0003 3.469 2 1 1
20.0006 5.181 3 1 3
0.0046 5.445 3 1 2
0.0051 7.642 4 1 4
0.0008 8.069 4 1 3
20.0014 10.703 5 1 5
20.0020 11.349 5 1 4
0.0013 7.849 2 2 1
0.0014 7.850 2 2 0
20.0031 9.750 3 2 2
20.0018 9.756 3 2 1
0.0061 12.299 4 2 3
20.0068 12.300 4 2 2
0.0005 15.467 5 2 4
20.0029 15.496 5 2 3
0.0034 16.981 3 3 1
0.0044 16.982 3 3 0
20.0035 19.511 4 3 2
20.0006 19.514 4 3 1
0.0027 22.689 5 3 3
20.0047 22.682 5 3 2
1401152E
0.0053 2.165 0 0 0
0.0046 2.790 1 0 1
0.0037 4.041 2 0 2
20.0055 5.910 3 0 3
20.0055 8.414 4 0 4
20.0047 3.300 1 21 1
20.0063 4.573 2 21 2
20.0031 4.653 1 1 0
0.0026 5.927 2 1 1
0.0028 7.834 3 1 2
0.0022 10.383 4 1 3
0.0001 13.578 5 1 4
0.0066 7.666 2 22 1
0.0065 9.578 3 22 2
20.0008 9.960 2 2 0
20.0035 11.852 3 2 1
0.0002 14.383 4 2 2
0.0013 15.500 3 23 1
20.0050 18.044 4 23 2
1402152A
0.0010 25.554 0 0 0
20.0026 26.184 1 0 1
0.0028 27.456 2 0 2
0.0078 29.359 3 0 3
0.0006 31.879 4 0 4
0.0062 35.038 5 0 5
20.0113 27.400 1 1 1
20.0074 27.439 1 1 0
20.0052 28.640 2 1 2
20.0005 28.750 2 1 1
20.0035 30.492 3 1 3
0.0048 30.711 3 1 2
0.0033 32.965 4 1 4
20.0010 33.312 4 1 3
20.0007 36.042 5 1 5
0.0031 32.574 2 2 1
0.0043 32.576 2 2 0
20.0045 34.473 3 2 2
20.0033 34.478 3 2 1
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TABLE V. ~Continued.!
Obs.–Calc. Obs. J Ka Kc Obs.–Calc. Obs. J Ka Kc
0.0041 37.023 4 2 3
0.0008 37.031 4 2 2
0.0021 40.223 5 2 3 b
1402152E
0.0006 25.876 0 0 0
20.0049 26.503 1 0 1
20.0053 27.767 2 0 2
0.0027 29.670 3 0 3
0.0048 32.196 4 0 4
0.0013 27.395 1 21 1
0.0009 28.663 2 21 2
0.0018 30.559 3 21 3
20.0091 33.062 4 21 4 b
20.0028 32.297 2 22 1
0.0019 34.209 3 22 2
0.0003 36.752 4 22 3
1401153A
0.0021 0.000 0 0 0
20.0032 0.648 1 0 1
0.0002 1.959 2 0 2
0.0036 3.928 3 0 3
20.0043 6.549 4 0 4
0.0039 24.977 2 2 1
0.0021 24.977 2 2 0
20.0016 24.432 3 3 1
20.0034 24.432 3 3 0
1401153E
20.0010 223.232 0 0 0
20.0014 222.582 1 0 1
20.0002 221.300 2 0 2
20.0044 219.420 3 0 3
20.0066 216.941 4 0 4
0.0082 215.299 1 21 0
0.0062 214.018 2 21 1
0.0038 212.094 3 21 2
20.0051 29.534 4 21 3
0.0005 26.315 5 21 4
20.0026 22.459 6 21 5
20.0001 2.048 7 21 6
0.0037 225.016 1 1 1
0.0018 223.788 2 1 2
0.0035 221.934 3 1 3
20.0013 219.462 4 1 4
20.0027 216.358 5 1 5
20.0143 212.632 6 1 6 b
20.0061 22.669 2 22 0
0.0007 20.747 3 22 1
20.0034 1.802 4 22 2
0.0019 5.000 5 22 3
0.0032 8.833 6 22 4
0.0009 220.860 2 2 1
0.0019 218.860 3 2 2
0.0099 216.168 4 2 3
20.0003 212.822 5 2 4
20.0030 28.809 6 2 5
20.0094 24.150 7 2 6
0.0058 210.836 3 3 1
0.0031 28.268 4 3 2
20.0001 25.056 5 3 3
20.0038 21.199 6 3 4
20.0037 3.310 7 3 5
1402153A
20.0011 14.807 1 1 1
0.0013 14.840 1 1 0
0.0012 16.012 2 1 2
0.0001 16.102 2 1 1
0.0013 17.817 3 1 3
20.0025 17.994 3 1 2
20.0073 20.220 4 1 4
20.0031 20.519 4 1 3
20.0040 23.243 5 1 5
0.0030 23.682 5 1 4
0.0015 26.882 6 1 6
20.0005 27.465 6 1 5
0.0020 31.135 7 1 7
20.0009 31.880 7 1 6
20.0015 18.501 2 2 1
0.0008 18.504 2 2 0
0.0052 20.257 3 2 2
0.0013 20.255 3 2 1
0.0039 22.611 4 2 2
0.0038 25.579 5 2 3
0.0009 29.165 6 2 4
20.0023 22.865 3 3 1
20.0017 22.865 3 3 0
20.0057 25.428 4 3 2
20.0031 25.431 4 3 1
20.0030 28.617 5 3 3
0.0048 28.626 5 3 2
0.0008 32.423 6 3 4
0.0033 32.429 6 3 3
1402153E
20.0026 4.322 0 0 0
0.0050 4.980 1 0 1
20.0013 6.265 2 0 2
20.0013 8.179 3 0 3
0.0024 10.703 4 0 4
0.0027 13.822 5 0 5
0.0014 17.538 6 0 6
0.0010 21.856 7 0 7
20.0065 10.657 1 21 0
20.0023 11.937 2 21 1
20.0035 13.852 3 21 2
0.0055 16.416 4 21 3
0.0026 19.611 5 21 4
20.0060 2.988 1 1 1
20.0074 4.217 2 1 2
20.0020 6.073 3 1 3
20.0044 8.547 4 1 4
20.0018 11.656 5 1 5
20.0001 15.394 6 1 6
20.0009 19.762 7 1 7
20.0054 19.271 2 22 0
20.0016 21.152 3 22 1
0.0109 23.668 4 22 2
0.0033 7.189 2 2 1
0.0049 9.159 3 2 2
20.0015 11.795 4 2 3
0.0087 15.121 5 2 4
0.0100 19.104 6 2 5
20.0030 17.073 3 3 1
20.0034 19.640 4 3 2
20.0030 22.853 5 3 3
0.0010 26.714 6 3 4
aThe term values of the 000 level of this twA component of the 1401150 – 3 states have all been set to 0.
bTransitions followed by the letter b were not included in the fit.
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E~ twEl!5h1v2~h2v
22h2vh¯ 2v1h¯ 2v
2!1/22h3v , ~10c!
E~ twEu!5h1v1~h2v
22h2vh¯ 2v1h¯ 2v
2!1/22h3v . ~10d!
The various energy splittings of these inversion–torsion lev-
els can now be expressed as
D inv~
tA ![E~ tA ,w2!2E~ tA ,w1!
52~h2v1h¯ 2v!~21 !v t11, ~11a!
D inv~
tE ![E~ twEu!2E~ twEl!
52~h2v
21h¯ 2v
22h2vh¯ 2v!1/2, ~11b!
D tor~w
1![E~ twEl!2E~ tA ,w1!
5D0,tor1~1/2!@D inv~ tA !2D inv~ tE !# , ~11c!
D tor~w
2![E~ twEu!2E~ tA ,w2!
5D0,tor2~1/2!@D inv~ tA !2D inv~ tE !# . ~11d!
The letters t, w1, and w2 indicate torsional, lower inver-
sional ~sometimes called wagging!, and upper inversional
species. D inv( tA) and D inv( tE) represent the inversion fre-
quency ~the energy separation of the w2 and w1 levels! for
the A and E torsional sublevels, respectively. D tor(w1) and
D tor(w2) denote the observed E – A torsional splitting for the
symmetric ~lower! and asymmetric ~upper! inversion level,
respectively. D0,tor523h3v denotes the E – A torsional split-
ting from the ‘‘pure’’ internal rotation.
Figure 3 shows the energy ordering of levels with even
v t when h2v /h¯ 2v.1. The E – A separation arising purely
from torsion is 23h3v , as shown in the second column of
the figure. Ignoring the less probable corrective rotation path
following inversion by setting h¯ 2v50 yields a separation
between Eu and El and between A1 and A2 of 2uh2vu, as
shown in the third column. Introducing a finite value for h¯ 2v
further shifts these sublevels, as shown in the fourth column
of Fig. 3.
The term D inv( tA)2D inv( tE) in Eqs. ~11c! and ~11d! dis-
plays the complications arising from the presence of two
different corrective rotations, since D inv( tA) depends only on
the sum h2v1h¯ 2v , while D inv( tE) depends on both the sum
and difference of these two quantities. Furthermore, as can
be seen from Eqs. ~11c! and ~11d!, D inv( tA)2D inv( tE) af-
fects the torsional splitting of 1401 and 1402 differently for
a given v t , since it increases the torsional splitting of one of
the two inversion sublevels with respect to uD0,toru, but de-
creases that of the other. When (1/2)uD inv( tA)2D inv( tE)u
.uD0,toru, as in Fig. 3~a!, the energy ordering of one pair of
torsional sublevels is inverted. Equations ~11! indicate that
the difference in inversion frequency between tE and tA be-
comes largest when uh¯ 2v /h2vu approaches unity.
From the experimental data,1,2 the inversion splittings of
tA sublevels are larger than those of tE sublevels for even v t
~0 and 2! but smaller for odd v t ~1 and 3! ~see Table III!.
~This is equivalent to stating that the torsional splitting in
1401 is larger than that in 1402.) Such inversion splitting
behavior can be understood in terms of the overlap integrals
present in Eq. ~1! of Ref. 14, as discussed in Sec. IV. To
represent these observations theoretically in the present for-
malism, the tunneling parameters h2v and h¯ 2v must have the
same sign when v t5even, but opposite signs when v t
5odd.
C. Inversion–torsion–rotation interaction
If we define the level Ku to lie above Kl, then their
relationship to the 6K quantum numbers used to label E
levels in the electronic ground state of acetaldehyde is
Ku↔1K and Kl↔2K for v t5even, and Kl↔1K and
Ku↔2K for v t5odd. The label 1K represents the level
pair (s ,K)5(11,1K) and (21,2K), while 2K represents
(11,2K) and (21,1K). Based on the selection rules
1K↔1K and 2K↔2K for strong transitions, we con-
cluded previously1 that the correlation described above be-
tween Ku ,l and 6K must be reversed for the states 1402151
and 1402152. Without a perturbing state lying nearby to ac-
count for this energy shift, it is logical to ask if the K doublet
splitting is affected by the inversion–torsion–rotation inter-
action. Indeed, the group-theoretical formalism used here
clearly displays such an effect for E states, and the observed
FIG. 3. Sketch of the inversion–torsion levels when v t5even ~and J50)
for two cases: ~a! uD inv(A)2D inv(E)u/2.uD0,toru and ~b! uD inv(A)
2D inv(E)u/2,uD0,toru. The diagrams are constructed by first turning on the
torsion h3v , then turning on inversion along the path with the smaller cor-
rective internal rotation h2v (n51→2 in Fig. 1!, and finally turning on the
second inversion path h¯ 2v (n51→6 in Fig. 1!. Note that inverted torsional
splittings can only occur in case ~a!, but that large differences in the lower
and upper torsional splittings can occur also for case ~b!.
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reversed correlation may be explained using equations de-
rived by taking differences of Eq. ~9! for positive and nega-
tive K values.
The contribution DK-doublet( tG ,w6) to the K-doublet
splitting arising from the torsion and inversion motions ~i.e.,
excluding the contribution from asymmetric rotor effects!
can be written in a form similar to Eqs. ~11c! and ~11d!,
DK-doublet~
tG ,w1!5DK-doublet~
tG!0,tor2~1/2!
3@D inv~
tG ,1K !2D inv~ tG ,2K !# ,
~12!
DK-doublet~
tG ,w2!5DK-doublet~
tG!0,tor1~1/2!
3@D inv~
tG ,1K !2D inv~ tG ,2K !# ,
in terms of the definitions
DK-doublet~
tG!0,tor[2h3@cos t~ tG ,1K !2cos t~ tG ,2K !# ,
~13!
D inv~
tG ,6K ![2@h2
212h2h¯ 2 cos t~ tG ,6K !1h¯ 2
2#1/2.
In these equations, tG denotes the torsional symmetry A1 ,
A2 , or E; w1 and w2 indicate the lower and upper inversion
states, respectively; DK-doublet( tG)0,tor denotes the usual
K-doublet splitting arising purely from torsional motion, i.e.,
from the second term on the right-hand side of Eq. ~9!,
(1/2)@D inv( tG ,1K)2D inv( tG ,2K)# denotes the K-doublet
splitting arising from the inversion-corrective–internal-
rotation motion, i.e., from the third term on the right-hand
side of Eq. ~9!, and h2 , h¯ 2 , h3 and t( tG ,6K) are given by
Eqs. ~5! with J50 and by Eqs. ~8!, respectively. The
K-doublet splittings given in Eq. ~12! thus consist of a con-
tribution from the torsional motion and a contribution from
the inversion motion. Similar to the situation for the abnor-
mal torsional splittings in Eqs. 11~c! and 11~d!, the inversion
term in Eq. ~12! has an opposite influence on the K-doublet
splitting of w1 and w2. The observed K-doublet splittings
DK-doublet( tE ,w1) and DK-doublet( tE ,w2) can thus have oppo-
site signs when (1/2)uD inv( tE ,1K)2D inv( tE ,2K)u
.uDK-doublet( tE)0,toru, leading to a reversed correlation for
some tE levels. The K-doublet splitting of tA levels, which
arises mainly from asymmetric rotor effects for torsional lev-
els below the barrier, is independent of torsion and inversion
because DK-doublet( tA)0,tor5D inv( tA ,1K)2D inv( tA ,2K)50.
These theoretical results agree with our previous findings.1,2
For v t50 E levels of the S1 state of acetaldehyde, the
inversion and torsion contributions to the K-doublet split-
tings are quite small. For example, the calculated torsional
term DK-doublet( tE)0,tor and inversion term (1/2)@D inv( tE ,
1K)2D inv( tE ,2K)# are about 0.0024 and 20.0027 cm21
for uKu51, and 0.0040 and 20.0044 cm21 for uKu52, re-
spectively. The K-doublet splittings in v t50 are thus domi-
nated by asymmetric rotor effects, and the rovibrational
wave functions of wtrE species are quite similar to those of
wtrA species ~even at low J!, in the sense that they consist of
nearly equal mixtures of 1K and 2K basis set functions. As
a consequence, relative intensities in the spectrum are not
strongly influenced by selection rules appropriate for signed
K values. Since the inversion terms calculated above from
the present model yield ~albeit just barely! a reversed
(Ku ,l,6K) correlation for the state 1402150, the signs of the
K labels for the 1402150 E levels in our previous
assignments1 should be reversed.
For v t51 E, the calculated DK-doublet( tE)0,tor and
(1/2)@D inv( tE ,1K)2D inv( tE ,2K)# values are about
20.0790 and 0.0949 cm21 for uKu51 and 20.1337 and
0.1610 cm21 for uKu52, respectively. The inversion terms
are again large enough to reverse the K correlation in the
1402 state with respect to that in 1401. Hence, the sign of
the observed K-doublet splitting in 1402151 is opposite to
that in 1401151, and this agrees with our experimental find-
ings.
For v t52 and 3 E, we need to include higher-order
terms involving h4 , h5 , h6 , and h8 in Eqs. ~12! and ~13! for
calculating the shifts. Parameters from fits to the v t52 and 3
inversion pairs indicate that the torsional term
DK-doublet( tE)0,tor in Eq. ~12! becomes dominant, so that the
(Ku ,l,6K) correlation of torsional levels in both members of
each pair is normal. Hence, the K521 and 22 states of
1402152 E correspond to Kl, instead of to Ku as assigned
previously.1 All of the reassigned lines for v t50, 1, 2, and 3
proposed here are listed in Table IV.
IV. DISCUSSION
By using the G6 group-theoretical tunneling model to fit
and predict energy levels in S1 acetaldehyde, we have made
new assignments and interpreted the abnormal behavior in
the spectra obtained previously. The two-dimensional tunnel-
ing model indicates how effects of the coupling of inversion,
torsion, and rotation lead to significant differences between
the torsional sublevel structure and K rotational structure in
the lower inversion level 1401, compared to that in the
higher inversion level 1402. These large differences explain
why a one-dimensional Hamiltonian developed for the pure
torsional motion did not previously give a good fit to the
experimental data for the S1←S0 system of acetaldehyde.1
Overall, for the levels lying well below the torsional barrier,
inversion motion effects on the energy levels dominate tor-
sional motion effects, giving rise to apparently anomalous
energy ordering of some torsional sublevels in the S1 state of
acetaldehyde.
Although the group-theoretical formalism successfully
fits the experimental data, the physical meaning of many of
the tunneling parameters is not clearly understood. Even in
the absence of a full theory to treat the dynamics of interac-
tion of two large-amplitude motions, however, it is interest-
ing to make empirical comparisons of molecular parameters
describing the methyl internal rotation and hydrogen inver-
sion motions in the ground electronic state of CH3NH2 and
CH3NHD and in the S1 state of CH3CHO.
The ‘‘pure’’ torsional tunneling frequencies (D0,tor) of
the ground torsional levels in CH3NH227 and CH3NHD14 are
0.2496 (23h3v) and 0.0867 (23h3v) cm21, respectively.
For the S1 state of CH3CHO these frequencies have been
determined here to be 0.0037, 20.1285, and 1.3934 cm21 in
the zeroth, first, and second torsional states, and to increase
dramatically to a value of 215.0018 cm21 in the third tor-
sional state. In the ground torsional states of CH3NH2 and
CH3NHD, the inversion contribution to the torsional split-
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ting, i.e., the contribution from the second term on the right-
hand side of Eqs. ~11c! and ~11d!, is smaller than the pure
torsional contribution, i.e., the first term on the right-hand
side of Eqs. ~11c! and ~11d!, so that no inverted sublevel
splitting is observed. But as found here, the inversion contri-
bution for S1 CH3CHO exceeds the torsional contribution in
the v t50 and 1 states, resulting in inverted A/E torsional
sublevel ordering in the 1402150 and 1402151 levels. In the
v t52 and 3 torsional levels, the torsional splittings become
larger and the energy ordering of the A/E torsional sublevels
returns to normal in 1402152 and 1402153.
As indicated in Eqs. ~11! the inversion contribution to
the torsional splittings can be thought of as arising from the
difference in the inversion splitting for levels of A and E
symmetry species. Shimoda, Nishikawa, and Itoh28,29 pro-
posed an expression for the inversion splitting in CH3NH2
based on the Franck–Condon-type idea of representing this
splitting as the product of a ‘‘pure’’ inversion splitting fre-
quency D0 times an overlap integral between the torsional
wave function Q(a) appropriate for the initial state of the
inversion motion and the torisonal wave function Q(a
2Da) appropriate for the final state of the inversion motion,
where Da is an offset equal to the corrective internal rotation
required following the inversion motion. Unlike the case for
CH3NH2 , the value of Da to be used in this model is not
determined by symmetry for the unsymmetrical species
CH3NHD or S1 CH3CHO, but it is expected to be much
smaller than 2p/6 when one of the two inverting atoms is
much heavier than the other. In any case, useful qualitative
conclusions can be drawn from the K50 expression,14,28,29
D inv~
tG ,v t!5D0E
0
2p
QG ,v t~a!QG ,v t~a2Da!da , ~14!
even without knowing an exact value for Da, simply from a
consideration of the nodal structure. Rotationless torsional
levels below the barrier can be approximated by linear com-
binations of three harmonic oscillator vibrational functions
wv , one localized in each of the three torsional minima, e.g.,
QA ,v t50~a!’~1/) !@wv50~a20 !1wv50~a22p/3!
1wv50~a24p/3!# , ~15a!
QE ,v t50~a!’~1/A6 !@2wv50~a20 !2wv50~a22p/3!
2wv50~a24p/3!# . ~15b!
Substituting these two approximate wave functions in turn
into Eq. ~14!, making use of the 2p periodicity that was
formally lost in Eqs. ~15!, and changing the limits of integra-
tion to those appropriate for harmonic oscillator functions,
we obtain the approximate results
D inv~
tA ,v t50 !’D0F E
2‘
1‘
wv50~a!wv50~a2Da!da
1E
2‘
1‘
wv50~a22p/3!wv50~a2Da!da
1E
2‘
1‘
wv50~a12p/3!
3wv50~a2Da!daG , ~16a!
D inv~
tE ,v t50 !
’D0F E
2‘
1‘
wv50~a!wv50~a2Da!da2~1/2!
3E
2‘
1‘
wv50~a22p/3!wv50~a2Da!da
2~1/2!E
2‘
1‘
wv50~a12p/3!wv50~a2Da!daG .
~16b!
Since wv50 is essentially a nodeless Gaussian, all integrands
in Eqs. ~16! are positive. The tA inversion splitting is thus
larger than the tE . On the other hand, for wv51 and small
Da, the overlap integrals between functions centered in ad-
jacent minima in Eqs. ~16! are found to be negative, so that
the tA inversion splitting is smaller than the tE . Extending
these arguments to higher v t values leads to our observed
alternation with even and odd v t of the relative A/E inver-
sion splitting magnitude. We thus conclude that the A/E rela-
tive inversion splitting at given v t is determined by the num-
ber of nodes in the torsional wave function, rather than by its
group theoretical symmetry species.
From the point of view of the above arguments, inverted
torsional splittings cannot arise in Eq. ~11c! because the
signs of the two contributions will always be the same. In-
verted torsional splittings will arise in Eq. ~11d! only when
the inversion splitting is large enough that the small differ-
ences associated with Eqs. ~16! can overwhelm the pure tor-
sional splitting.
In spite of the understanding gained from the tunneling
formalism used in this paper, it is clear that characterization
of the potential surface must await development of a method
for precise numerical treatment of the full dynamical prob-
lem of two large-amplitude vibrational motions plus overall
rotation.
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